We present a novel approach for a systematic large-spin expansion of the t-J Hamiltonian which enables us to work without the constraint of no double occupancy. In our scheme we can perform the large-spin limit ensuring that the low energy spin excitations are in exact correspondence with the physical excitations of the s = 1 2 Hilbert space. As a consequence, we expect a smooth dependence of the physical quantities on the expansion parameter 1/s. As a first application of the method we study the case of a single hole in a Néel background. A systematic expansion in fluctuations about this stable solution
where i, j denotes a summation over the nearest neighbor (n.-n.) sites of the lattice, P is the projector onto the Hilbert space without doubly occupied sites, S i and N i are the spin and number operators at site i, and c † i,σ and c i,σ are the usual creation and annihilation operators for electrons of spin σ. Henceforth we assume t ≥ 0, J ≥ 0.
Due to the difficulty to deal with the projector of no double occupancy, several semiclassical approaches [2] [3] [4] [5] leading to a mean-field description of H tJ have been proposed.
In particular, in the large-spin approaches presented so far, the simplification of the t-J
Hamiltonian is achieved by generalizing the spin- of the expansion parameter.
Unfortunately, all of them face the following fundamental difficulty: as soon as the extended Hilbert space is larger than the physical one, spurious low-energy elementary excitations emerge. Hence, it is not at all guaranteed that the low-lying excitations of the extended some of the allowed excitations change the spin of the hole, which is clearly unphysical. Other large-spin generalizations instead face the problem that the hole propagation becomes a nonperturbative process in the 1/s expansion. In the latter case, as was shown by two of us in Ref. [6] , one obtains phase separation even at small J/t, whereas it is now believed that the uniform ground-state is stable in the physical sector [7, 8] .
In this work we propose a new method to simplify at large spin the t-J model without facing the previous difficulties. In our approach we do not deal directly with H tJ , but consider instead a natural extension of it as introduced by Sutherland [9] , because the latter allows us to apply the spin-wave theory with a one-to-one correspondence with the physical excitations.
In the t-J Hamiltonian the single site i can be occupied by 3 kinds of "objects": A hole (boson) |0 i , an electron of spin-up | ↑ i = c † i,↑ |0 i , and an electron of spin-down | ↓ i = c † i,↓ |0 i , (fermions) whereas, apart for an irrelevant energy shift, H tJ can be thought of as the operator permuting pairs of n.-n. objects, with weight t for permutations of objects of opposite statistics, and weight J/2 (−J/2) for permutations of fermions (bosons). In order to work without the local constraint of no doubly occupancy, we consider the extended Hamiltonian H acting on objects of two fermion and two boson species by permutation of pairs of neighboring objects with the same weights as in the t-J model. Because the number of objects of a given species is conserved by construction, the reduction to the physical model can be obtained by projecting onto the invariant subspace where one boson species is absent. Hence, in our approach the projector operator P is washed out, as for the projection amounts just to fix a conserved quantity.
To represent the extended Hamiltonian H in a way suited for our developments, we denote the fermion and boson objects at site i with the symbols |1σ and |0σ (σ =↑, ↓), respectively, and use the representation
i and Q i,− are a spinless fermion creation operator and a spin- 1 2 lowering operator, respectively. The extended Hamiltonian reads
,
and n i = f † i f i . A noticeable feature of the proposed model H, to be contrasted with the case of H tJ in a slave-fermion representation [5, 6] , is the presence of the permutator operator χ i,j both in the magnetic and kinetic part, as well as the bilinear dependence on the fermion operators.
Henceforth we preserve the name of electron and hole for the two "particles" |1σ and |0σ , respectively, and introduce the two commuting vector operators satisfying the algebra of the angular momentum
The operators S and L act nontrivially on |1σ and |0σ , respectively, and accordingly S will be referred to as the physical spin and L as the pseudospin. The analogy with the properties of the spin and pseudospin operators is not only formal and will be discussed elsewhere [10] .
In the following we shall also refer to Q = L + S as the isospin vector. The operators (1) commute with H, so that the quantum numbers spin S z , total spin S, and pseudospin L z , total pseudospin L associated to both "particles" are conserved. The physical Hilbert space of H tJ corresponds to the sector where the pseudospin attains its maximum value
Sutherland [9] has shown quite generally that the ground-state of the Hamiltonian (H)
is at most degenerate with the physical one with maximum pseudospin L z . Unfortunately, this statement is rigorously valid only in one dimension, and for the case of a single hole in any dimension. The latter case is of course trivial, because for one hole the pseudospin is by definition equal to the maximum value L = . The proof presented in Ref. [9] is not valid in 2D. In fact, following the reasoning one would obtain that for J = 0 the ground-state of H tJ is the fully polarized Nagaoka state, whereas it is known that for large doping the singlet Gutzwiller projected Fermi gas has macroscopically lower energy [11] .
However, the Sutherland's result is true for the special case t = 0 and probably remains valid for physically acceptable J/t > 0 in D≥2. Hence, we shall leave it as a "conjecture".
The importance of this conjecture is easily understood by noting that whenever it is satisfied, one can evaluate ground-state properties avoiding even the projection onto the L z = N h /2 sector.
The Hamiltonian H still represents a highly nontrivial problem and we now consider the large-spin approach allowing to simplify the model. Noting that Q is a irreducible spin-
operator, we consider arbitrary higher-dimensional representations of the isospin vector and define the enlarged Hamiltonian H s by substituting in the extended Hamiltonian H the permutator operator χ i,j with the rotationally invariant expression
The overall factors and constants -irrelevant in the undoped case -are set by the require-
is one or zero if the isospins of the particles at sites i,j are parallel or antiparallel, respectively. In our approach the Hilbert space is generalized by giving a fictitious spin-s both to the electron (i.e., |1σ ) and to the hole (i.e., |0σ ) and in this respect it is quite different from the large-spin approaches proposed so far.
Because at zero doping isospin and physical spin coincide ( L = 0), our approach leads to the conventional spin wave-expansion for the Heisenberg antiferromagnet: The ground-state is a singlet and the physical spin-wave excitations have S = 1, i.e., they are independent of the magnitude of the spin s of the extended Hilbert space. We see that in the large-spin limit the Hilbert space at each single site grows with s but the low-energy excitations remain in one-to-one correspondence with those of the physical s = Hilbert space. We believe that this is the basic reason why the spin-wave expansion is so accurate for the undoped system and why 1/s is a smooth parameter and actually small [8, [12] [13] [14] .
At nonzero doping, for s > 
where ψ i,j = a † i + a j . By replacing the expression (3) in the Hamiltonian H, both in the kinetic and the magnetic term, we then obtain an effective Hamiltonian for the single hole, which is characterized by a kinetic term coupling two boson and two fermion operators −t 2s 
where i = 0 denotes the origin and H SW is the Heisenberg Hamiltonian that, at first order in 1/s reads:
Contrary to the undoped case, the Hamiltonian H eff cannot be solved analytically unless for the case t = 0, where H eff becomes quadratic [17, 15] . However, a very good variational wavefunction that is exact in this limit, and which preserves all the symmetries of the Hamiltonian, is very easy to write down, in the form of the most general ground-state of a quadratic Bogoliubov Hamiltonian:
B i,j is non zero only if i and j belong to different sublattices (to fulfil Q z = 0) and its Fourier transform does not contain the modes at k = (0, 0) and k = (π, π) (to fulfil Q = 0) [8] . In order to evaluate and then minimize the expectation value of the Hamiltonian H eff over the state (5), one needs to evaluate both the average Ψ h |ψ † i,j ψ i,j |Ψ h , and the average of the quadratic form ψ † i,j ψ i,j over |Ψ h and the state |Ψ given two gaussian states |Ψ A and |Ψ C of the form (5), with A and C the corresponding matrices entering the exponential, we have
where
Using the above equations is it easy to work out an explicit expression for the expectation value of the Hamiltonian by simple linear algebra operations over the symmetric complex matrix B i,j . We have then obtained the optimal matrix B i,j by minimizing the energy of the effective Hamiltonian H eff with the standard conjugate gradient technique.
In table I we show data for the one hole energy (referenced to the undoped energy) and the quasiparticle weight
where |Ψ H is the ground-state of H SW .
Because |Ψ H is easily written in the gaussian form (5) [4, 8] , Eq. (6) allows to evaluate Z straightforwardly. The agreement of the spin-wave estimates with the exact diagonalization results [18] is surprisingly good, yielding a robust evidence of a finite value for Z in the static t = 0 limit.
The accuracy of the method remains very good even for t > 0, as it is shown in Fig.1 for the quasiparticle weight at p = (0, 0) and p = (π, π). We also see in Fig.1 (b) a clear transition of the quasiparticle weight for the (π, π) momentum. Its value changes of about two order of magnitudes also in the exact diagonalization data.
Our spin-wave approximation agrees with the exact diagonalization even in the details for t/J < 1. In fact, at the value t/J ≃ 0.5, where in our simulation we find a singular point [see Fig.1 (b) ], there is a true level crossing in the exact diagonalization. The true ground-state is actually orthogonal (with different symmetry) to |Ψ H . For larger t/J our approximate solution predicts that Z (π,π) vanishes at a critical point for any finite size M.
At the moment a similar analysis [19] for momenta close to ( The dotted line is a local unstable minima for t/J > 0.6
